Abstract.-This paper reviews t h e development and applications of a-Si i n s u l a t e d gate f i e l d e f f e c t t r a n s i s t o r s which have become a subject of much c u r r e n t i n t e r e s t . The physical p r i n c i p l e s underlying t h e operation of t h e devices, t h e i r f a b r i c a t i o n and t h e i r s t a t i c and dynamic c h a r a c t e r i s t i c s a r e discussed i n the f i r s t p a r t of t h e paper. Recent work on t h e a p p l i c a t i o n of these devices i n addressable l i q u i d c r y s t a l display panels, i n b a s i c i n t e g r a t e d l o g i c c i r c u i t s and i n addressable image sensing a r r a y s i s then reviewed i n some d e t a i l .
Introduction I n recent years t h e r e has been a r a p i d l y growing i n t e r e s t i n the p r o p e r t i e s of amorphous (a-) S i prepared by the glow discharge process, p a r t i c u l a r l y with a view to i t s a p p l i c a t i o n s i n large-area t h i n f i l m devices. Many groups throughout t h e world a r e a c t i v e l y involved i n t h i s f i e l d and, a s can be seen from t h e papers presented a t t h i s Conference, the range of possible a p p l i c a t i o n s of t h i s m a t e r i a l i s a l s o increasing.
Ever s i n c e t h e f i r s t r e p o r t (1,2) of t h e doping of a-Si t h e r e has been considerable i n t e r e s t i n i t s use a s a s o l a r c e l l m a t e r i a l ( 3 ) . This applica t i o n probably pkesents t h e biggest challenge t o t h e material p r e s e n t l y a v a i l a b l e b u t , because of i t s considerable p o t e n t i a l , a t t r a c t s a g r e a t deal of investment i n both time and money. This aspect i s d e a l t with i n a number of papers a t t h i s conference and we s h a l l not t h e r e f o r e go i n t o f u r t h e r d e t a i l s here.
One of t h e most a t t r a c t i v e f e a t u r e s of t h e glow discharge technique i s i t s extreme v e r s a t i l i t y . For example, t h e b a r r i e r p r o f i l e of t h e a-Si junction can be c o n t r o l l e d continuously over wide l i m i t s during deposition from t h e gas phase. By a s u i t a b l e choice of t h e doping p r o f i l e , a-Si diodes have been prepared (4, 5) t h a t pass c u r r e n t s up t o 40A cm-2 i n t h e forward d i r e c t i o n with r e c t i f i c a t i o n r a t i o s up t o lo5. These r e s u l t s a r e encouraging and suggest t h a t a-Si diodes may f i n d applica t i o n s i n cases where some r e l a x a t i o n i n e l e c t r i c a l c h a r a c t e r i s t i c s from those of c r y s t a l l i n e junctions w i l l b e acceptable.
The v e r s a t i l i t y of t h e glow discharge process i s f u r t h e r i l l u s t r a t e d by t h e work of Shimizu e t a 1 (6, 7) who demonstrated t h e use of a-Si a s t h e photo-receptor i n electrophotography. This a p p l i c a t i o n r e q u i r e s a m a t e r i a l with a high e l e c t r i c a l r e s i s t i v i t y and a high p h o t o s e n s i t i v i t y . I n general, a-Si i s extremely photoconductive (8,9) and meets t h e second of these requirements. To o b t a i n a s u f f i c i e n tl y high r e s i s t a n c e f o r reasonable charge r e t e n t i o n a number of d i f f e r e n t approaches have been t r i e d , such a s blocking l a y e r s of doped a-Si (7,10,11) o r t h e a d d i t i o n of oxygen t o t h e gas plasma (12). The requirements f o r t h e production of a vidicon tube a r e s i m i l a r t o those of electrophotography.
rhe f i r s t a-Si vidicon was reported by Imamura e t a1 (13) who prepared t h e device by s p u t t e r i n g i n an Ar/H2 gas mixt u r e which produced a m a t e r i a l of s u f f i c i e n t l y l a r g e r e s i s t a n c e .
The a l t e r n a t i v e approach of incorporating a diode-like blocking l a y e r (prepared by t h e glow discharge technique) was used by Shimizu e t a1 (14). I t i s claimed (13) t h a t t h e a-Si vidicon has many advantages over conventional pickup tubes. Further d e t a i l s on t h e present s t a g e of t h e development of a-Si f o r both electrophotography and vidicon tubes w i l l be reported a t t h i s conference by D r . Shimizu. Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphyscol:1981490
Another advantage of t h e glow discharge technique i s t h a t i t can be used t o deposit s e q u e n t i a l l y t h i n l a y e r s of d i f f e r e n t m a t e r i a l s , simply by changing t h e gas composition. This procedure has found increasing use i n t h e production of t h i n f i l m f i e l d e f f e c t t r a n s i s t o r s ( t o be r e f e r r e d t o a s FETs i n t h e following), consisting of an amorphous s i l i c o n n i t r i d e g a t e d i e l e c t r i c and an a-Si a c t i v e l a y e r . The o r i g i n of t h i s device can be traced back t o 1972 when Spear and Le Comber (15) employed f i e l d e f f e c t s t r u c t u r e s to i n v e s t i g a t e t h e density of s t a t e d i s t r i b u t i o n i n glow discharge a-Si.
The subsequent use of s i l i c o n n i t r i d e a s t h e g a t e i n s u l a t o r (16) made i t possible t o extend t h e measurements of t h e density of s t a t e s over a wider range of energy. These experiments demonstrated t h a t a-Si has a remarkably low d e n s i t y of gap s t a t e s , and t h a t i t s conductivity can be increased by orders of magnitude with t h e a p p l i c a t i o n of modest gate voltages.
The o b j e c t i v e of t h i s paper i s t o review t h e possible a p p l i c a t i o n s of these a-Si FETs.
The physical p r i n c i p l e s underlying t h e operation of t h e devices, t h e i r f a b r i c a t i o n and t h e i r s t a t i c and dynamic c h a r a c t e r i s t i c s w i l l be discussed i n some d e t a i l i n s e c t i o n 2. The r e s u l t s obtained by various groups w i l l a l s o b e compared. I n s e c t i o n 3 we s h a l l review t h e a p p l i c a t i o n of these devices i n addressable l i q u i d c r y s t a l display panels, an a r e a t h a t looks extremely promising f o r t h e immediate f u t u r e . Within t h e l a s t year o r so t h e r e has been an increasing i n t e r e s t i n t h e a p p l i c a t i o n of a-Si PETS i n i n t e g r a t e d l o g i c c i r c u i t s and we s h a l l review t h e s e p o s s i b i l i t i e s i n s e c t i o n 4.
Device Fabrication and dc C h a r a c t e r i s t i c s of Elemental Device
The b a s i c design of t h e elemental a-Si FET i s shown schematically i n the i n s e r t t o f i g . 1 . It i s a d i r e c t development of t h e arrangement o r i g i n a l l y used i n t h e f i e l d e f f e c t experiments (15, 16, 17) f o r t h e study of t h e l o c a l i z e d s t a t e d i s t r i b u ti o n i n the mobility gap of a-Si.
A metal e l e c t r o d e , t y p i c a l l y 50 um wide, i s evaporated onto a g l a s s s u b s t r a t e t o form t h e g a t e electrode. A t h i n i n s u l a t i n g l a y e r , t y p i c a l l y about 0.4 pm of amorphous s i l i c o n n i t r i d e (Si-N), i s then deposited by t h e glow discharge technique t o form t h e gate d i e l e c t r i c . An a-Si layer, a l s o about 0.4 um thick, i s next deposited onto the Si-N again by t h e glow discharge process. The f i n a l s t e p c o n s i s t s of depositing t h e required p a t t e r n of source and drain contacts on t o t h e a-Si surface. Recent Dundee data; Curve P: Powell e t a 1 (19); Curve H-M: Hayama and Matsumura (20) ; Curve N-M; Neudeck and Malhotra (21) .
I n a r e c e n t paper (18) w i t h D r . A . J . Hughes of RSRE, we showed t h a t conventiona l photolithographic techniques can be a p p l i e d t o t h e f a b r i c a t i o n of a r r a y s of a-Si FETs f o r a p p l i c a t i o n i n l i q u i d c r y s t a l d i s p l a y panels (see s e c t i o n 3). This i s an important p o i n t s i n c e i t i s e s s e n t i a l f o r any f u t u r e a p p l i c a t i o n s of t h e s e devices t h a t l a r g e a r e a a r r a y s can b e produced reproduceably and cheaply.
The dc performance of a n elementary device w i t h a 40 um chan\el l e n g t h and a 500 um channel width, produced by photolithographic techniques, i s i l l u s t r a t e d by t h e t r a n s f e r c h a r a c t e r i s t i c s shown i n f i g . 1 .
The source-drain curreaB ID i s p l o t t e d l o g a r i t h m i c a l l y a g a i n s t t h e g a t e v o l t a g e VG f o r d r a i n p o t e n t i a l s of 2V, LQV, and 20V. It can be seen t h a t w i t h +15V on t h e g a t e , d r a i n c u r r e n t s i n excess of 1 PA can be achieved f o r d r a i n v o l t a g e s a s low a s 5V. I n t h e off-condition, w i t h VG = 0 , t h e c u r r e n t through t h e device drops below 1 0 -l l~. The remarkable r i s e i n ID i s caused by an e l e c t r o n accumulation l a y e r formed a t t h e Si/Si-N i n t e r f a c e , which produces an e f f i c i e n t c u r r e n t p a t h between t h e source and d r a i n e l e c t r o d e s .
A number of d i f f e r e n t groups have reported r e s u l t s f o r s i m i l a r a-Si FETs. To compare t h e d a t a , which has been obtained f o r d i f f e r e n t device geometries and using d i f f e r e n t g a t e d i e l e c t r i c s , we follow Powell e t a1 (19) and p l o t i n f i g . 2 t h e s h e e t conductance l o g a r i t h m i c a l l y a g a i n s t t h e f i e l d i n t h e semiconductor a t t h e i n s u l a t o r / a-Si i n t e r f a c e . The s u r f a c e f i e l d has been c a l c u l a t e d from E~V~/ E~~~ where e i
i s t h e r e l a t i v e p e r m i t t i v i t y of t h e i n s u l a t o r , G S~ t h e r e l a t i v e p e r m i t t i v i t y of t h e a-Si and d t h e thickness of t h e g a t e i n s u l a t o r . The curve denoted by D i s r e c e n t Dundee d a t a obtained w i t h a 0.4 um t h i c k glow discharge Si-N i n s u l a t o r ; curve P is from Powell e t a1 (19) a t t h e P h i l i p s Research Laboratories who a l s o used a glow discharge SF-N f i l m of about 0 . 3 um thickness; curve H-M r e f e r s t o t h e d a t a of
Hayama and Matsumura (20) using a 1 pm s i l i c o n dioxide l a y e r , thermally grown on t h e s u r f a c e of highly doped s i n g l e -c r y s t a l s i l i c o n , and a 0.13 pm a-Si l a y e r deposited i n a dc glow discharge; f i n a l l y curve N-M r e f e r s t o t h e d a t a of Neudeck and Malhotra (21) f o r 0.3 pm Si02 and with a thermally evaporated a-Si l a y e r about 0.06 pm t h i c k annealed f o r f o u r hours a t 400°C.
I n p l o t t i n g t h e d a t a shown i n f i g . 2 we have taken t h e d i e l e c t r i c c o n s t a n t of Si-N a s 6 . 4 , of Si02 a s 3.9 and t h a t of a-Si a t 11.8. For device a p p l i c a t i o n s t h e t r a n s f e r c h a r a c t e r i s t i c s shown i n f i g s . 1 and 2 should have t h e following p r o p e r t i e s ( i ) low off-conductance, ( i i ) high on-conductance, and ( i i i ) a r a p i d r i s e from t h e o f f -t o t h e on-s t a t e a t g a t e v o l t a g e s below 15V so t h a t devices a r e compatible w i t h modern i n t e g r a t e d c i r c u i t v o l t a g e l e v e l s .
A l l t h e d a t a i n f i g . 2 s a t i s f y the f i r s t of t h e s e c r i t e r i a so t h i s i s u n l i k e l y t o p r e s e n t any problems. The a b i l i t y t o o b t a i n a high on-current i s c l e a r l y a much l a r g e r challenge. From t h e d a t a published t o 8 d a t e , our own devices a r e t h e b e s t i n t h i s r e s p e c t giving over 1 pA a t VSD = 10V and VG = +15V even with a 500 pm channel l e n g t h .
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The t h i r d c r i t e r i o n i s a l s o r e l a t i v e l y d i f f i c u l t t o achieve. Only curves P and D i n ID f i g . 2 appear t o be s u i t a b l e i n t h i s r e s p e c t .
OJA 1
The output c h a r a c t e r i s t i c s , p l o t t e d i n f i g . 3 , of t h e Dundee devices show t h a t t h e on-current L tends t o s a t u r a t i o n f o r g a t e v o l t a g e s between 10 and 15V compared w i t h , f o r example, t h e 50 t o lOOV r e q u i r e d by t h e devices of Hayama and Matsumura. The devices of Powell e t a 1 (19) r e q u i r e even smaller VG ( < 5V) b u t , a s can be 2 seen from f i g . 2 , t h e r a t e of r i s e of s h e e t conductance a s a f u n c t i o n of VG i s almost e x a c t l y t h e same f o r t h e Dundee and t h e P h i l i p s d a t a , a t l e a s t a s f a r a s t h e l a t t e r extend. The main 0 d i f f e r e n c e l i e s i n t h e o f f s e t v o l t a g e -t h e 0 10 20 30 LO P h i l i p s device t u r n s on j u s t above zero where-
vD ( v ) a s t h e Dundee FETs s t a y o f f up t o about 5 v o l t s . Experiments i n our l a b o r a t o r y have Fig.3. Output c h a r a c t e r i s t i c s of shown t h a t i t i s p o s s i b l e t o vary t h e o f f s e t a-Si FET element. (From r e f . 1 8 ) .
v o l t a g e by s u i t a b l e changes i n t h e a-Si prope r t i e s c l o s e t o t h e i n s u l a t o r / a -S i i n t e r f a c e .
I t i s perhaps worth emphasising a t t h i s point t h a t t h e formation with p o s i t i v e gate voltage of t h e
highly conducting e l e c t r o n accumulation layer, which determines the p r o p e r t i e s of t h e on-state, i s governed by two fundamental m a t e r i a l properties: ( i ) a low density of l o c a l i z e d gap s t a t e s i n t h e bulk of t h e a-Si m a t e r i a l i t s e l f , and ( i i ) a low density of i n t e r f a c e s t a t e s a t t h e Si-N t o a-Si boundary. The poor response of the device N-M i n fig.2 , f a b r i c a t e d from evaporated a-Si, may e a s i l y b e understood i n terms of ( i i ) s i n c e even annealed evaporated a-Si i s believed t o have a higher l o c a l i z e d gap s t a t e d e n s i t y than glow discharge material (16). The d i f f e rences i n t h e o t h e r samples may a l s o a r i s e a t l e a s t p a r t l y f o r t h i s reason, s i n c e localized s t a t e d e n s i t i e s tend t o depend c r i t i c a l l y on the p r e c i s e conditions i n the plasma during t h e glow discharge process.
It i s equally l i k e l y however t h a t d i f f e rent Laboratories produce devices with d i f f e r e n t i n t e r f a c e s t a t e d e n s i t i e s . I n f a c t i t would be s u r p r i s i n g i f the use of d i f f e r e n t i n s u l a t o r m a t e r i a l s did not produce d i f f e r e n t i n t e r f a c e s t a t e d e n s i t i e s . From the admittedly l i m i t e d data i n fig.2 i t would appear a t t h i s s t a g e of t h e development t h a t glow discharge Si-N i s a superior gate m a t e r i a l than thermally grown Si02 but more work i s needed before firm conclusions can be drawn.
For
Recently we began an i n v e s t i g a t i o n of t h e e f f e c t of y-radiation from cobalt 60 on t h e dc c h a r a c t e r i s t i c s of t h e a-Si FETi. Preliminary r e s u l t s show t h a t doses up t o 11 Mrads, t h e maximum used t o d a t e , have r e l a t i v e l y l i t t l e e f f e c t . I n the devices i n v e s t i g a t e d so f a r t h e FETs r e t a i n e d t h e i r high o f f r e s i s t a n c e and r e l a ti v e l y high on-conductance.
More d e t a i l e d r e s u l t s w i l l b e published i n due course.
3. Application of a-Si FETs i n Addressable Liquid Crystal Eisplay Panels.
I n 1976, t h e Dundee group and colleagues a t RSRE, Malvern, j o i n t l y proposed t h e use of a-Si f i e l d e f f e c t devices i n the addressing of l i q u i d c r y s t a l matrix displays a s an a l t e r n a t i v e t o t h e t h i n f i l m CdSe t r a n s i s t o r s which had been developed by Brody and co-workers (22). They reasoned t h a t an elemental covalently bonded materi a l such as a-Si should have d i s t i n c t advantages over t h e more complex 1 1 -V I compounds a s f a r a s ease of preparation,reproducibility and s t a b i l i t y a r e concerned. Subsequently, Le Comber e t a1 (23) published t h e design and c h a r a c t e r i s t i c s of an a-Si i n s u l a t e d g a t e f i e l d e f f e c t t r a n s i s t o r s u i t a b l e f o r d r i v i n g l i q u i d c r y s t a l displays, and experiments a t RSRE showed t h a t such a device could switch l i q u i d c r y s t a l elements s a t i s f a c t o r i l y .
Liquid c r y s t a l displays a r e p o t e n t i a l l y very a t t r a c t i v e f o r large-area applica t i o n s a s they a r e low power devices and have good v i s i b i l i t y i n high ambient l i g h t conditions. However, t h e d i f f i c u l t y of multiplexing l a r g e a r r a y s of such devices has so f a r l i m i t e d t h e i r use.
I f a small nonlinear device, such a s an FET, i s used t o c o n t r o l each d i s p l a y element, much l a r g e r a r r a y s could i n p r i n c i p l e b e addressed. Liquid c r y s t a l devices t y p i c a l l y r e q u i r e an ac d r i v e s i g n a l of 3-6V without dc component, a s t h e l a t t e r tends to degrade t h e m a t e r i a l . The device responds t o t h e rms value of t h e ac s i g n a l , and has a threshold of 1-2V rms. Voltages below t h i s l e v e l w i l l not t u r n on t h e display.
We s h a l l begin t h i s s e c t i o n by looking a t t h e f a b r i c a t i o n of t h e a-Si FET a r r a y and then review i t s dynamic behaviour i n a l i q u i d c r y s t a l d i s p l a y (18).
3.1 Fabrication of Display Panel. Figure 4 shows a schematic diagram of a number of elements i n t h e display panel. A t r a n s i s t o r i s incorporated i n a corner of each element of t h e array. The FETs a r e interconnected by means of X and Y buses, G1, G2... and S1, 52 ..., l i n k i n g gate and source contacts, respectively.
The drain contact of each t r a n s i s t o r i s connected t o t h e IT0 squares, D. From t h e s e c t i o n through t h e panel i n Fig.4b it can b e seen t h a t t h e l i q u i d c r y s t a l material i s sandwiched between t h e s u b s t r a t e carrying the
FETs and an IT0 coated g l a s s top p l a t e which i s normally returned t o ground. The 
r a n s i s t o r element (a) s e c t i o n through plan view, (b) s i d e view. (From ref.18) device, (b) FET i n p a r t of t h e matrix array. (From ref .l8) l i q u i d c r y s t a l element i s t h e r e f o r e i n s e r i e s w i t h t h e d r a i n c i r c u i t and behaves
e l e c t r i c a l l y a s a capacitor CLC with some leakage r e s i s t a n c e RLC. Fig.4 ).
Figure 5a shows a s e c t i o n through an individual a-Si device and Fig.% i l l u st r a t e s the design of t h e FET i n p a r t of t h e matrix array. The f i r s t s t e p i n t h e f a b r i c a t i o n c o n s i s t s i n etching t h e p a t t e r n of transparent conducting Indium Tin Oxide (ITO) t h a t forms the back contacts of t h e l i q u i d c r y s t a l c e l l ( s e e a l s o
I n t h e present work we used an a r r a y of IT0 squares of 1 mm side-length on t h e Corning g l a s s s u b s t r a t e . A chromium f i l m i s then evaporated and etched t o provide t h e 60 um wide gate electrodes G. The prepared s u b s t r a t e i s now coated with 0.4 ym t h i c k l a y e r s of s i l i c o n n i t r i d e and s i l i c o n , both deposited i n an r f glow discharge. The unwanted s i l i c o n i s etched away, j u s t leaving t h e small i s l a n d s a t each FET s i t e (Fig.5b) . Contact h o l e s , denoted by A i n Fig.5 
, a r e etched through the n i t r i d e down t o the IT0 f o r connection t o the d r a i n contact D.
Finally, the aluminium top meta l l i s a t i o n i s applied t o form the source and d r a i n configurations, S and D.
A t a l l stages t h e processing i s c a r r i e d out by standard photolithographic techniques and with conventional etches.
a-Si i s a highly s e n s i t i v e photoconductor (8,9) and i t i s important t o consider what e f f e c t s t r a y l i g h t might have on t h e c h a r a c t e r i s t i c s of t h e FET. Recent measurements have shown t h a t ambient l i g h t has l i t t l e influence on the on-current b u t decreases t h e off-resistance by an order of magnitude o r so. I f t h i s proves undesirable then it should be possible t o reduce t h i s e f f e c t by t h e i n c l u s i o n during f a b r i c a t i o n of a s u i t a b l e mask f o r t h e a-Si.

. 2 Dynamic Performance. I n t h i s s e c t i o n we s h a l l consider t h e ac operation of t h e elementary device with i t s l i q u i d c r y s t a l element.
A more extensive discussion i s given i n r e f . ( l 8 ) .
To simulate t h e operation of t h e FETs i n an addressable a r r a y , t h e response of s i n g l e elements t o t y p i c a l pulse voltages on t h e g a t e and source buses was investigated. I n these experiments t h e d r a i n was connected t o ground through a 10 pF capacitor t o simulate t h e l i q u i d b r y s t a l capacity CLC of t h e 1 mm IT0 elements (see fig.4 ).
An important parameter, a s f a r a s multiplexing i s concerned, i s the r i s e time of t h e p o t e n t i a l VLC across t h e l i q u i d c r y s t a l element. I n Fig.6 t h e voltage 
t a l element p l o t t e d a g a i n s t t h e width of t h e g a t e pulse necessary t o o b t a i n the value of VLC. (From ref.18). l e v e l VLC across t h e lOpF element i s p l o t t e d
against t h e width of t h e g a t e pulse CL, necessary to produce t h e value of VLC. I t can be seen t h a t a d r i v e p o t e n t i a l of 3V i s reached i n 30-40 ps. I n another s e r i e s of experiments driving commercial l i q u i d c r y s t a l elements with the a-Si FETs, i t was demonstrated t h a t charge r e t e n t i o n was l i m i t e d e n t i r e l y by t h e l i q u i d c r y s t a l prope r t i e s t o about 40 ms. I n view of the above 30-40 ps required t o produce t h e d r i v e p o t e n t i a l f o r t h e l i q u i d c r y s t a l , i t can b e seen t h a t even w i t h the present devices i t i s possible i n p r i n c i p l e t o scan 1000 l i n e s of display i n t h i s time. In p r a c t i c e , using a frame time of 25 m s , s a t i s f a c tory operation of a l i q u i d c r y s t a l element was achieved with pulses equivalent t o those used i n a 250 l i n e display.
Successful 7 x 5 a r r a y s have been fabrica t e d i n our laboratory and we a r e presently assessing a 20 x 25 panel before s c a l i n g up t o 100 x 100 and l a r g e r arrays.
Reproducibility and S t a b i l i t y of a-Si
FETs. Figure 7 shows t h e t r a n s f e r characteri s t i c s of a l i n e a r a r r a y of elements, spaced 2.5 nun a p a r t (18). For c l a r i t y successive curves have been displaced along t h e VG a x i s by 10V.
An important f a c t o r i n t h i s development i s the r e p r o d u c i b i l i t y and uniformity of c h a r a c t e r i s t i c s of a r r a y s of elements.
The s i m i l a r i t y of t h e s e curves demonstrates t h e remarkable 1 0 '~
uniformity of performance t h a t can be achieved i n a given deposition. P r o b i n g t e s t s on a complete 7 x 5 a r r a y showed s i m i l a r e x c e l l e n t uniformity. A l l elements had ---Roff > 1011 S2 and a l l threshold voltages V D = 2 V were within i. 0.4V of t h e mean value.
Comparison between a r r a y s produced i n d i f fe r e n t depositions i s a l s o very encouraging. somewhat limited. I n a t e s t an element has now been run a t 100 Hz with VS = k 10V and VG = 15V f o r 9 months, i . e . f o r over 2 x 10' switching operations. There has been no s i g n of d e t e r i o r a t i o n o r change i n t r a n s f e r c h a r a c t e r i s t i c s of t h i s device, which is unpassivated and unencapsulated.
So f a r , t h e information on long term s t a b i l i t y of t h e a-Si devices i s s t i l l
Application of a-Si FETs i n Logic C i r c u i t s and Image Sensors.
Recently, Matsumura, Hayama and coworkers a t t h e Tokyo I n s t i t u t e of Technology have shown t h a t an i n t e g r a t e d i n v e r t e r c i r c u i t (24) and an image sensor (25) can be f a b r i c a t e d f r o n a-Si FETs.
The devices used i n t h e i r work were made from a-Si depo s i t e d i n a dc glow discharge and with low pressure CVD Si02 a s t h e g a t e i n s u l a t o r (24). Although these FETs were relatively leaky and had a slower t u r n on than t h e i r previous devices included i n fig.2 (curve H-M) they demonstrated t h e f e a s i b i l i t y of using the a-Si technology i n these c i r c u i t s . At t h e same time work i n our laboratory has been concerned w i t h s i m i l a r a p p l i c a t i o n s , i n i t i a l l y aimed a t providing i n tegrated a-Si d r i v e c i r c u i t s f o r t h e l i q u i d c r y s t a l display panels discussed i n s e c t i o n 3. I n t h e following we s h a l l review t h e work on t h e i n v e r t e r s and image sensors and r e p o r t b r i e f l y t h e applications of a-Si FETs i n N A N D and NOR g a t e s , i n a b i s t a b l e multivabrator and i n a s h i f t r e g i s t e r . I n our own work we chose t h e simpler c i r c u i t (a) and made t h e load r e s i s t o r from an i n t e g r a t e d a-Si gap c e l l .
This i s simpler and has t h e f u r t h e r advantage t h a t t h e a-Si r e s i s t o r r e q u i r e s l e s s space than an FET load. Fig.9 shows a s e c t i o n through t h e i n t e g r a t e d device and a l s o i t s layout i n plan view. The input voltage i s applied t o t h e g a t e of t h e FET, t h e source i s connected t o ground and t h e output taken from t h e d r a i n connection. To o b t a i n t h e appropriate value of load r e s i s t a n c e a doped a-Si l a y e r , about 250A t h i c k and about 3 x lo8 010 , was deposited. This was etched away from t h e source-drain gap of t h e FET a f t e r t h e top A 1 m e t a l l i s a t i o n , leaving doped a-Si under t h e source and d r a i n , which had t h e added advantage of improving the e l e c t r i c a l contact a t these e l e c t r o d e s .
The dashed curve i n fig.10 shows t h e t r a n s f e r c h a r a c t e r i s t i c s of such a device having a load of approximately 30M0 and measured with a supply p o t e n t i a l of 15V. The i n v e r t e r l o g i c i s c l e a r l y seen: t h e output changes from about 14.5 t o 2V a s t h e input swings from about 5 t o 15V. The f u l l The switching times of these c i r c u i t s were t y p i c a l l y of t h e order of a ms, which would l i m i t t h e i r use t o frequencies below 1kHz. However, we should emphasize t h a t these exploratory a-Si devices were i n no way optimised f o r speed of response.
The main l i m i t a t i o n i n t h i s respect i s t h e magnitude of the a-Si FET on-resistance -an aspect which we w i l l r e t u r n t o b r i e f l y i n t h e next section.
As s t a t e d previously, one of t h e prim--- Fig.9 . I n t e g r a t e d a-Si i n v e r t e r . ary aims of our p r e s e n t work is t o investi g a t e t h e p o s s i b i l i t y of drive c i r c u i t s f o r Fig.10 . C h a r a c t e r i s t i c s of (a) s i n g l e Pig.11. C i r c u i t used f o r a-Si b i s t a b l e a-Si i n v e r t e r and (b) three i n v e r t e r s multivibrator and pulse sequence connected i n s e r i e s .
t y p i c a l l y observed.
t h e l i q u i d c r y s t a l panels. Of p a r t i c u l a r importance i n t h i s respect i s the fabrica t i o n of a s h i f t r e g i s t e r t o s e q u e n t i a l l y address t h e g a t e buses G G2, ..... Although these c i r c u i t s a r e slow by c r y s t a l l i n e standards we b e l i e v e optimised device geometry w i l l considerably improve matters and t h a t t h e s e c i r c u i t s w i l l u l t i m a t e l y find a use i n l e s s c r i t i c a l applica t i o n s . F i n a l l y we review the work of Matsumura e t a 1 (25) and our own r e s u l t s on t h e a-Si image sensors.
The c i r c u i t used by both groups i s shown i n t h e top p a r t of fig.12 and i s t h a t o r i g i n a l l y suggested by Weimer e t a1 (26).
Light incident on the a-Si photoconductor charges up the c a p a c i t o r w h i l s t t h e FET i s o f f . The FET i s then pulsed on and t h e capacitor discharges r a p i d l y providing an output c u r r e n t t h e magnitude of which i s a function of t h e l i g h t i n t e n s i t y a s shown i n fig.12 . Although t h e devices of Matsumura e t a 1 (25) provide much lower c u r r e n t s than those shown i n t h i s f i g u r e , t h e s e authors suggest t h a t t h e i r present devices can be operated up t o frequencies of about 2OkHz with possi b l e a p p l i c a t i o n s i n l a r g e gain, l a r g e area image sensors.
1o6-10, (AMP53 Fig.12 . C i r c u i t of a-Si image sensor and measured o u t p~i t current as a function of l i g h t i n t e n s i t y f o r various p u l s e frequencies. 
Limitations of t h e Present a-Si FETs.
The work described above has c l e a r l y demonstrated t h e f e a s i b i l i t y of using a-Si FETs i n a number of p r a c t i c a l c i r c u i t s . I n p a r t i c u l a r , t h e devices p r e s e n t l y available already o f f e r a v i a b l e s o l u t i o n t o t h e problem of multiplexing l i q u i d c r y s t a l displays ( s e c t i o n 3). However, t h e f a c t o r t h a t appears most l i k e l y t o l i m i t t h e i r use i n o t h e r a p p l i c a t i o n s i s t h e i r r e l a t i v e l y slow switching t i m e .
This q u a n t i t y w i l l generally be determined by t h e time required f o r t h e on-current to charge c i r c u i t capacitances, so t h a t an obvious improvement would be achieved w i t h higher on-currents. A f i r s t s t e p i n t h i s d i r e c t i o n would b e a reduction i n t h e sourced r a i n separation, a t present 40 pm. As discussed i n s e c t i o n 2 , t h e physical f a c t o r s t h a t l i m i t the on-conductance a r e t h e i n t e r f a c e s t a t e density a t t h e a-Si t o i n s u l a t o r boundary and t h e density of s t a t e s i n t h e a-Si.
Even with n e g l i g i b l e i n t e r f a c e s t a t e s t h e r a p i d l y r i s i n g t a i l s t a t e d i s t r i b a t i o n , which i s a fundamental property of a-Si, w i l l l i m i t t h e amount of band bending such t h a t E~-E F s E~-E A Y 0.2 eV.
Under t h e s e conditions t h e sheet conductance i n a 0.1 um t h i c k f i l m 1s estimated t o be about ~-l/n . The b e s t d a t a (curve D) i n f i g . 2 approaches t h i s value a t t h e highest g a t e voltages b u t is approximately an order of magnitude lower a t VG = 15V.
I t would t h e r e f o r e not seem unreasonable t o a n t i c i p a t e t h a t t h e highly v e r s a t i l e glow discharge process, which a t present provides t h e b e s t devices, can be used i n t h e f u t u r e t o produce material t h a t w i l l go a t l e a s t some way t o overcome t h e present frequency l i m i t a t i o n s .
6. Conclusions.
The work reviewed above leads t o t h e following conclusions:
( i ) glow discharge a-Si and s i l i c o n n i t r i d e films can be p a t t e r n e d photolithographL i c a l l y by standard c r y s t a l l i n e semiconductor technology t o produce v i a b l e t h i n f i l m f i e l d e f f e c t t r a n s i s t o r s which operate a t voltages compatible with those used i n modern i n t e g r a t e d c i r c u i t s .
( i i ) the r e p r o d u c i b i l i t y i n t h e c h a r a c t e r i s t i c s of d i f f e r e n t FET elements i s good
and so f a r s t a b l e operation f o r over 2 x lo9 switching cycles has been observed.
Passivation o r encapsulation of t h e devices does not appear t o be necessary.
( i i i ) a-Si FETs have considerable p o t e n t i a l a s switching elements i n l i q u i d c r y s t a l display panels. Present FETs could, i n p r i n c i p l e , be used i n 1000 l i n e displays.
( i v ) the f e a s i b i l i t y of applying a-Si FETs i n l o g i c c i r c u i t s has been demonstrated. I n v e r t e r s , NAND and NOR g a t e s , a b i s t a b l e m u l t i v i b r a t o r and a s h i f t r e g i s t e r have a l l been f a b r i c a t e d from a-Si FETs and i n t e g r a t e d a-Si r e s i s t o r s .
(v) by making use of t h e e x c e l l e n t photoconductivity of t h e m a t e r i a l , i n t e g r a t e d a-Si FET image sensors have been constructed.
